It has been observed by some that emergency siren noise has gone unnoticed by drivers due to a shadowing phenomenon where the propagating siren noise is blocked from a receiver vehicle. The event is postulated to occur when a large vehicle is positioned between the emergency responder and a receiving vehicle. The sound of the siren is projected along the surface of the large vehicle and does not fall in time to reach the receiving vehicle. This situation is common at controlled intersections where the smaller vehicle is travelling perpendicular to the emergency vehicle but can also occur when the vehicles are in a common line on the road. The intent of this study is to investigate this phenomenon and quantify the resulting hindrance of a driver's ability to detect an approaching emergency vehicle. Included will be the use of the electrical 'wail' siren and accompanying air horn commonly employed by Fire and Rescue Services. The outcome will be a determination of what frequency spectra are most affected by shadowing with an eventual goal to improve emergency siren design.
INTRODUCTION
The purpose of an emergency vehicle siren is to serve as an audible warning device for pedestrians and passenger drivers. It is known that the effectiveness of these sirens can be diminished at urban traffic intersections. There are many factors, which can influence the effectiveness of the emergency siren in these situations. The most obvious of these factors is the noise generated from traffic congestion. At any given time, roughly half of the intersection is stopped at a red traffic signal, with the cars idling and other noise factors present. The other half of the vehicles are travelling at speeds which can vary greatly. This can add to the noise levels within the vicinity of the intersection. Sounds present in such an environment, such as construction work, can also hinder a siren's effectiveness. Masking effects by audio and ventilation systems within the vehicles can also contribute to a diminishing effectiveness of an approaching siren noise. The final potential factor, which is relative to the attenuation of sirens, is barriers. A barrier can include an actual noise cancelation barrier, which are designed specifically to absorb (direct transmission), reflect and diffract sounds. (Barron, 2003) However, barriers or obstacles can also exist which are not intended to serve as noise cancelation purposes. These 'unintentional' barriers can include buildings (specifically attenuating sounds at off axis angles), objects present in traffic such as medians and posts, and vehicles, which often can act as shadowing devices.
As mentioned, due to diffraction characteristics, sound waves can bend over a barrier toward an observer or receiver. (Miller & Montone, 1978) Here, a portion of the sound wave may also be reflected and absorbed by the barrier. (Howard, Maddern, & Privopoulos, 2011) The combination of the reflecting, absorbing, and bending characteristics results in a modified sound that is received at the observer. This modification often results in a decreased sound pressure level (SPL) as well as distortion of the sound's characteristics. The direction of the sound is often difficult to accurately determine due to the effects of the barrier. In general, there are three parameters which influence the degree of acoustical attenuation. The first is the distance between the sound source and the barrier and the distance between the barrier and the receiver. The wavelength of the sound is a second factor which can affect a barrier's effectiveness with the final characteristic being the transmission loss attribute of the barrier. (Miller & Montone, 1978) From this, it can be said that the frequency of the sound affects the barrier effectiveness, as low frequency signals are more effective in 'bending' over the barrier. (Spon & Spon, 1991) It is important to note that the barrier is most effective when it is positioned either closest to the source or the receiver, i.e. it the most ineffective when placed directly in between the source and the receiver. Size and form of the barrier are also important factors which affect the attenuation of the sound. (Spon & Spon, 1991) For most barrier studies, a relatively thin noise cancelation wall is the focus, where a set of general and reasonably simplistic formulae are required. However, as the focus of this study is of composite (comprised of two or more elements/materials) (Bell & Bell, 1994) barriers, particularly the effects of vehicles as shadowing objects, the formulae must be expanded upon to correct for the vast increase of barrier thickness. This study only scratches the surface of the effects of vehicles on siren noise effectiveness. Much further research into this area of interest is required. These future opportunities include: examining different vehicles as both the shadow vehicle (size and material composition) and the receiver vehicle, particularly in the level of noise cancellation, which is known to be significantly higher in the more luxurious models. The second primary area of further interest is the effects of different types and modes of sirens, such as The Rumbler: Intersection Clearing System, which is a low-frequency device designed to increase the penetration of the siren sound into the vehicle.
BACKGROUND
Previous studies have only breached the subject of the shadowing effects that a vehicle can have in the effectiveness of an emergency siren. While it is a given that the presence of a barrier or obstruction will have some effect on the amount of sound attenuation, past research is limited. Most research is focused to acoustic barriers deigned for noise cancelation, such as troughs commonly used along highways and major roads. The Acoustics Australia Journal in 2011 briefly examined a study by Robinson and Casali, which concluded that low frequency signals, particularly those below 1000 Hz, are more effective at refracting around barriers. (Howard, Maddern, & Privopoulos, 2011) This study provides useful information for this work as the signals ability to bend around a blocking vehicle will play a pivotal role in the sound level that the listener perceives.
EXPERIMENT
In order to determine the influence that a vehicle's shadow effect can have in the effectiveness of an emergency vehicle siren noise, acoustical field-testing must first be carried out. For this study, a large empty parking lot was used. Ambient noise and weather conditions were recorded to ensure appropriate noise measurement conditions. The shadow vehicle (barrier) used was a 2006 Toyota Sienna while a 2010 Ford Focus was used as the receiver vehicle.
The field testing was composed of two different scenarios; on-axis and off-axis position testing. On-axis, also known as in line or parallel testing, represented the scenario where the siren device is located behind the receiver vehicle and the shadow vehicle is positioned just behind the receiver vehicle. This portion of the experiment was conducted to simulate a traffic situation where an emergency vehicle is travelling on a road behind and in the same travelling direction as the shadow and receiver vehicles. The objective was to determine the role that a vehicle as a barrier plays in a parallel driving situation on siren effectiveness. This test was conducted for two different scenarios, where the siren is positioned at two different distances from the vehicles, but the vehicles still remain the same distance from one another. The purpose of testing at two different distances was to determine to what extent the distance between the source and receiver plays in siren effectiveness when a shadowing vehicle is present. Figure 1 shows the two different positions. For the testing without the shadow vehicle, the van was simply removed from the testing environment completely.
FIGURE 1. On-axis Testing Setup at Distance 1 (Left) and at Distance 2 (right)
The second part of the experiment, off-axis testing, was the primary focus of this study. The perpendicular position testing scenarios were designed to simulate the shadow effect at urban intersections, where the noise from emergency vehicle sirens is known to be subject to limitations. The distances chosen were designed to simulate a standard multi-lane intersection. Two positions were tested; the first with the shadow vehicle positioned in-line with the receiver vehicle and the second with the receiver vehicle shifted approximately half a car length back, further shielding the driver from the affects of the siren. The justification for the hidden receiver vehicle is that vehicles are rarely positioned directly in line with one another at an intersection. The position of the driver being shifted towards the middle of the barrier could play a significant role in the increased hampering of the siren signal. Figure 2 illustrates the two different setups; again, for the measurements without the shadow vehicle, the van was driven outside of the area.
FIGURE 2. Off-axis Testing Setup at Distance 1 (Left) and at Distance 2 "Hidden" (right)
The experimental setup involved a series of equipment and software required to attain the necessary data. The siren used was an eQ2B electronic siren system. Two 100 Watt speakers were used to emit the sound. The auto setting was the primary signal used and the air horn setting was cycled on during half of the recordings. The measurements were recorded at approximate five second intervals in an attempt to record a full cycle of the siren signal. To record the measurements, Bruel & Kjaer (B&K) PULSE Time Data Recorder software was used. A binaural Head and Torso Simulator (HATS) was positioned in the driver's seat to record the signals. The siren device was placed on a portable table approximately 3ft in height with the speakers separated from each other by a distance of approximately 1 meter to simulate the corresponding mounting position at the bumper of an emergency vehicle.
RESULTS
Once acquired, the data gathered using PULSE Time Data Recorder was subsequently post-processed using B&K PULSE Reflex software, along with Microsoft Excel. These software were used together to process and analyze the recorded data. The measurements collected confirmed that the presence of intervening vehicles do have a significant role in hindering the effectiveness of emergency vehicle sirens. From the manufacturer of the e-Q2B electronic siren, the frequency range is stated to be from 725 to 1600 Hz. (Federal Signal: Safety and Security Systems, 2012) This range will also be the focus of the analysis for this study. All distances reported will be measured from the siren speakers to the HATS device. For the majority of the data, the Fast Fourier Transform (FFT) analysis was used to examine the frequency spectral of the siren signals.
The primary focus of this study was to analyze the off-axis, or perpendicular shadowing scenario. This form of shadowing would occur at an intersection, and is believed to be a factor in many emergency vehicle collisions. The first experiment had the vehicles positioned with their front bumpers in line with one another to simulate them being stopped at the same point in adjacent lanes at an intersection. The data concluded that at a receiver distance of 17.8 m from the siren speakers, the recorded SPL was significantly lower. At the majority of the frequencies of interest, the SPL is 5 dB higher when the shadow vehicle is absent. It is also important to note that there are multiple data points where the SPL is 10 dB higher for the case of no shadow vehicle present. This correlates to a perceived change in loudness of a factor of 2. A summary of the data is illustrated in Figure 3 .
FIGURE 3. Off-axis SPL with and without shadow vehicle, vehicles in line
As it can be seen in Figure 3 above, the presence of the shadow vehicle plays a significant role in the effectiveness of the siren. To be more thorough, the same experiment was carried out using the air horn setting on the siren system. The data revealed similar results, concluding that the air horn does not reduce or enhance the effects of the shadowing vehicle. It did however; reveal that the air horn mode results in multiple spikes of the SPL. Figure 4 shows that the air horn feature serves no significant role in the shadow effect that the vehicle plays. 
SPL vs. Frequency -FFT Analysis
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FIGURE 4. Off-axis SPL with and without shadow vehicle using the air horn and siren, vehicles in line
The next step in analyzing the off-axis scenarios was to examine different positions of the receiver vehicle relative to the shadow vehicle. The receiver vehicle was still positioned parallel to the shadow vehicle but they were not in line with one another. The receiver vehicle was backed up approximately half of its car length. This change in position resulted in an 18.8 m distance from the receiver to the speakers. The purpose of this test was to determine if the position of the receiver being further blocked would further impact the effectiveness of the siren. Generally, the position of the receiver behind the barrier is not a significant factor in terms of the effectiveness of the sound source. The data confirmed this theory and is shown in Figure 5 .
FIGURE 5. Off-axis SPL with shadow vehicle for different off-axis vehicle positions
It can be seen in Figure 5 that over the siren's effective frequency spectrum, the position of the receiver vehicle does not result in significant change in the measured SPL. In general, the SPL is higher when the vehicles are in line with one another, which is understandable, given less refraction of the signal around the barrier to the sound source. There were a few points (particularly around a frequency of 900 Hz) where the "in line" data had a lower SPL versus the SPL of the hidden receiver vehicle scenario. This change can likely be attributed to the characteristics of both the signal and barrier. The second focus of this study was on the analysis of on-axis shadowing. During this experiment the vehicles were placed in the same direction as the siren sound emission, with the shadow vehicle behind the receiver vehicle with a small distance between the two of approximately 3 m. This experiment was conducted to simulate a scenario where an emergency vehicle is travelling along a road with the siren sounded in an attempt to warn the drivers of the vehicles ahead. The first test was to determine if the shadow vehicle hindered the siren signal. To test this, the receiver vehicle's bumper was positioned at a distance of 35 m from the siren source, which yielded a 37.1 m distance of the siren to the receiver. The results from this test are shown in Figure 6 . It can be observed from this data that the presence of a shadow vehicle does in fact present a significant attenuation of the SPL for on-axis or parallel scenarios. For most frequency levels, the difference is approximately 3 dB or greater, which is more than a perceivable difference. Again, there is a small range where the SPL recording when the shadow vehicle is present is actually higher, this time occurring just below 1000 Hz. To cover a broader area of interest, a second experiment was conducted; the only difference being that the siren was positioned 20.1 m from the centre of the driver's seat of the receiver vehicle (17 m closer than the first experiment). The purpose of this test was to determine if the distance of the siren played a vital role in the shadow effect. It can be seen in Figure 7 that the distance is virtually insignificant as the fluctuations that are observed do not represent one scenario as better than the other. While there are certain points where the differences are approximately 5 dB, these instances are rare and occur in the favor of either situation. As discussed earlier, the data has been portrayed to represent the effective frequency range of the siren; however, it is still useful to analyze the data gathered over a much broader frequency range. Figure 8 shows the data from the off-axis, or perpendicular experiment. This graph represents the entire data collected for one recording, whereas Figure 3 sliced the data for a closer view of a specific frequency range. This illustration also displays the signals from both ears, whereas all previous graphs showed the averages. It can be seen that the same pattern observed earlier is again present over the higher frequencies, even though this range far exceeds the sirens effective range specified by the manufacturer. 
DISCUSSIONS AND CONCLUSIONS
This study confirms the role that vehicles can have in presenting a showing effect and reducing the impact of emergency vehicle siren noise. It was concluded that for both off-axis and on-axis scenarios that a vehicle blocking another can result in a significant reduction of the SPL that a driver may perceive. In some cases, this reduction can lead to a reduction of loudness by more than a factor of two when the shadow vehicle is present. Even on average, the differences in SPL exceeds 3 dB for both scenarios, concluding that the change is perceivable by humans. It was also determined that the air horn device, as well as different positions and distances from the siren, as discussed in the previous section, reveal no major changes to the SPL.
To further validate the conclusions, the predicted attenuation of a vehicle barrier was calculated using an Excel attenuation model to compare to the measured data. This spreadsheet used the parameters of the scenario and the SPL measured for the case of no barrier vehicle present. The spreadsheet was modified to correct for a 'thick barrier' and the results revealed a small difference of approximately 3 dB from the data recorded when the shadow vehicle was present. This difference is likely due to: experimental error in measuring the distances as well as error associated with the conducting of the experiment and the assumptions of the barrier being a solid, single material, and regularly shaped object for the spreadsheet calculations. Thus, the modeled calculations for the predicted SPL due to the presence of a barrier, confirms the measured results presented.
While this study concludes significant influence due to the presence of the shadow effect, much work can still be done in this area to fully understand the barrier effects. The data should be further compared with the modeled calculations of the predicted SPL. As discussed in the Introduction, barriers have the affect of modifying the characteristics of the sound, and as a result, affect the SPL and other acoustic attributes. In order to examine the modification of certain characteristics, such as alertness and loudness, subjective testing is required. A next step should include the testing of multiple siren systems and comparing them against one another. Sirens of interest are likely to include the traditional mechanical siren device, typically used by fire and rescue services, which is increasingly being replaced by the electronic siren used in this study; the second are low frequency siren devices, such as The Rumbler: Intersection Clearing System. Testing of these devices will aid in determining which sirens are more affected by the shadowing of vehicles so that appropriate recommendations can be made. The testing of different emergency vehicles is also important, as the different mounting locations and characteristics of the vehicles will affect the SPL. The second major focus of future work should be to further accurately represent the traffic scenarios examined in this study. The siren should be mounted in/on an actual emergency vehicle and the emergency vehicle should be moving. It is likely that the movement of the vehicle will alter the SPL at the driver's seat. Finally, future experiments should be set in an actual traffic scenario, with multiple vehicles, idling (if at an intersection) or travelling (if on road). A more appropriate traffic setting, including traffic lights, light posts, medians, and buildings, which are all likely to affect the siren signal, should be employed. While this study does shed some light on the 'shadow phenomenon' it is clear that significant work is still required.
